Abstract-The one-step stair-shaped dielectric resonator antennas (DRAs) with a circular cross-section are studied theoretically and experimentally in this paper. The reasons why the one-step stairshaped DRAs have a wideband performance have been investigated. It is shown in this paper that the modes excited in the one-step stairshaped DRA with circular cross-section can be regarded as pseudo HEM 111 and pseudo HEM 113 modes. The pseudo HEM 111 /HEM 113 mode exhibits similar radiation patterns but a different resonant frequency and radiation Q factor to the HEM 111 /HEM 113 mode of the cylindrical DRA. By properly choosing the dimensions of the one-step stair-shaped DRA, the two modes can be used to obtain a wideband antenna.
INTRODUCTION
There has been increasing interest in investigations of the dielectric resonator antennas (DRAs) [1] [2] [3] [4] . DRAs are known for the inherent merits of small size, ease of excitation, low dissipation loss and high radiation efficiency [5] . However, the typical bandwidth of the regularshaped DRAs is about 10%.
In recent years, various methods have been investigated to broaden the bandwidth of the DRAs [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Using a stair-shaped DRA is one of the ways to achieve a wide impedance bandwidth (S 11 < −10 dB) [9] [10] [11] [12] . Bandwidths of 32% and 44% are obtained with a slot-coupled one-step stair-shaped DRA [12] and a probe-fed one-step stair-shaped DRA [9] , respectively, and when another step is added a wider bandwidth of 62% is achieved for the two-step stair-shaped DRA [10] .
However, the reason why the stair-shaped DRA has a wideband performance has not been made clear. This means that the modes excited in the stair-shaped DRA are not clearly identified. So it might be different to design such an antenna at other frequencies.
Another bandwidth enhancement technique is based on merging the frequency bands of the dual-band antennas [13] [14] [15] [16] [17] [18] . Dual-mode DRAs are one kind of these types of antenna [14] [15] [16] [17] [18] . In [18] a bandwidth of 23.5% is obtained by making use of the HEM 111 and HEM 113 modes of a cylindrical DRA.
In this paper, the properties of the resonant modes in the onestep stair-shaped dielectric resonator (DR) are investigated. The investigation explains why the one-step stair-shaped DRA has a wide impedance bandwidth, and it can serve as the basis for further study of the more complex two-step stair-shaped DRA. The one-step stairshaped DRA with a circular cross-section (shown in Fig. 1 ) can be considered as a variation of the cylindrical DRA. And the cylindrical DRA is a special case of the stair-shaped DRA with a circular crosssection. It is found in this paper that the lowest two broadside modes of the one-step stair-shaped DRA with a circular cross-section can be regarded as pseudo HEM 111 and pseudo HEM 113 modes. The radiation pattern of pseudo HEM 111 /HEM 113 mode is similar to the HEM 111 /HEM 113 mode. And the resonant frequencies and radiation Q factors of the pseudo HEM 111 and pseudo HEM 113 modes will decrease with an the increase in of the cross-section size of the top layer. However, it is found that the pseudo HEM 113 mode is more sensitive to the top layer than the pseudo HEM 111 mode. So the frequency bands of the two pseudo modes can be merged by increasing the cross-section size of the top layer, and then a wide bandwidth can be obtained.
The organization of the paper is as follows. The lowest two broadside modes (pseudo HEM 111 and pseudo HEM 113 modes) of the one-step stair-shaped dielectric resonator (DR) are studied and the reason why the one-step stair-shaped DRA has a wideband is explained in Section 2. A prototype of wideband slot coupled one-step stairshaped DRA has been designed to validate the proposed concept in Section 3. Finally, Section 4 concludes the results of the investigations and considers the prospect of future research developing out of the study presented here.
RESONANT MODES OF THE ONE-STEP STAIR-SHAPED DR
The geometry of the one-step stair-shaped DR placed above a ground plane is shown in Fig. 1 . The DR has a relative permittivity of ε r = 12. It is obvious that the one-step stair-shaped DR becomes a cylindrical DR when d 1 = d 2 . And as we know, the fundamental broadside mode of the cylindrical DRA is HEM 111 mode [5] . To study that of the one-step stair-shaped DRA, Ansoft HFSS is employed to analyze the modes in the one-step stair-shaped DR. The whole model of the DR is enclosed by a big closed cavity with a perfect matched layer (PML) boundary, and the solution type of eigen mode is used to analyze the frequency and Q factor of resonant modes of the DR. Two one-step stair-shaped DRs are simulated: the dimensions of the first one are d 1 = d 2 = 25 mm and h 1 = h 2 = 10 mm, those of the second one are d 1 = 25 mm, d 2 = 50 mm, and h 1 = h 2 = 10 mm. The H-fields of the fundamental broadside mode in the first DR are shown in Fig. 2 , and those of the second one are shown in Fig. 3 (the DRs are mounted on the ground plane). The resonant frequencies and Q factors of the fundamental broadside modes in the two DRs are shown in Table 1 . As shown in Fig. 2 and Fig. 3 , the field distributions in the two DRs are similar, both like a short magnetic dipole. Therefore, the fundamental broadside mode of the one-step stair-shaped DRA can be called pseudo HEM 111 mode. Table 1 shows that when d 2 changes from 25 mm to 50 mm, the resonant frequency and the Q factor of the one-step stair-shaped DR only decrease by 5% and 18%, respectively. This is because the fields of the modes are concentrated at the bottom of the DRs. So the top layer of the one-step stair-shaped DR plays a minor role in the properties of the pseudo HEM 111 mode. According to the relationship between the bandwidth and the Q factor of the DRA [5] , the tiny decrease of the Q factor is not the only reason why Figure 2 .
H-field of the fundamental broadside mode in the first DR (the DR is mounted on the ground plane). H-field of the second lowest order broadside mode in the first DR (the DR is mounted on the ground plane). the one-step stair-shaped DRA has a much wider bandwidth than the cylindrical DRA.
The H-fields of the second lowest order broadside mode of the two DRs are shown in Fig. 4 and Fig. 5 , respectively. The resonant mode in Fig. 4 is HEM 113 mode, and the resonant mode in Fig. 5 can be called pseudo HEM 113 mode. The frequencies and Q factors of the pseudo HEM 111 and pseudo HEM 113 modes of the one-step stair-shaped DR as a function of d 2 (d 1 = 25 mm, h 1 = h 2 = 10 mm) are presented in Fig. 6 and Fig. 7 , respectively. As shown in Fig. 6 , the resonant frequency of the pseudo HEM 113 mode decreases rapidly with the increase of d 2 , while that of the pseudo HEM 111 mode is not so sensitive with d 2 . Form Fig. 7 the Q factors of the two modes decrease with the increase of d 2 , it indicates that the bandwidth of the two modes both increase with the increase of d 2 . So the frequency bands of the two modes can be merged by simply increasing the diameter of the top layer, thereby a wide bandwidth is obtained.
EXPERIMENTAL PROOF: A SLOT COUPLED ONE-STEP STAIR-SHAPED DRA
A prototype of the slot coupled one-step stair-shaped DRA was designed, fabricated, and measured to validate the theory proposed above. Fig. 8 shows the geometry of the slot coupled one-step stairshaped DRA. The DR has a relative permittivity of 12. The dimensions of the one-step stair-shaped DR are d 1 = 25 mm, d 2 = 50 mm, and h 1 = h 2 = 10 mm. The DRA is excited by a 50 Ω microstrip line through a rectangular slot. The slot is located at the center of the DRA, and it has a length of l = 26 mm and a width of w = 3 mm. The microstrip line (w f = 3 mm) is etched on a 1.5 mm thick FR4 (ε r = 4.4, tan δ = 0.02) substrate, and it is terminated with an open circuited stub with length l f = 15 mm. The ground plane has a size of 100 × 100 mm 2 .
The simulated (by HFSS) and measured return losses of the slot coupled one-step stair-shaped DRA are shown in Fig. 9 . The measured impedance bandwidth (S 11 < −10 dB) of the slot coupled one-step stair-shaped DRA is found to be 40% (2.25-3.38 GHz) which is wider Figure 8 . Geometry of the slot coupled one-step stair-shaped DRA. than the reported one-step slot-coupled stair-shaped DRA in [12] . Fig. 10 shows the simulated and measured input impedances of the slot coupled one-step stair-shaped DRA. There are two resonances within the frequency range of 2.0-3.4 GHz. The first resonance occurs at f 1 = 2.36 GHz and the second one occurs at f 2 = 2.83 GHz. The measured resonant frequencies of the slot coupled one-step stair-shaped DRA and the simulated resonant frequencies of the one-step stairshaped DR are summarized in Table 2 . As shown in The simulated and measured antenna gain is shown in Fig. 11 . With reference to the figure, the average gain is about 7.2 dBi across the impedance bandwidth. Fig. 12 shows the simulated and measured radiation patterns of the slot coupled one-step stair-shaped DRA at 2.3, 2.8, and 3.3 GHz. The antenna exhibits broadside radiation patterns across all of the impedance bandwidth. This indicates that the two resonant modes excited in the slot coupled one-step stair-shaped DRA at f 1 and f 2 are broadside modes, which correspond to the properties The simulated and measured results of the proposed antenna demonstrate that the reason why the one-step stair-shaped DRA has a wide bandwidth is because two resonant modes (the pseudo HEM 111 and pseudo HEM 113 modes) are excited in the DRA.
CONCLUSION
The properties of the lowest two broadside modes of the one-step stair-shaped DR have been investigated in this paper. Based on the investigation, the reasons why the one-step stair-shaped DRAs have a wide bandwidth have been explained, and a prototype of the slot coupled one-step stair-shaped DRA has been designed to validate the proposed theory. It has been found that the reason why the one-step stair-shaped DRA has a wide bandwidth is because the pseudo HEM 111 and pseudo HEM 113 modes are excited in the DRA, and the bands of the two modes merge together when the dimensions of the DRA are properly chosen.
Future work will concentrate on increasing the bandwidth of the stair-shaped DRA by exciting other higher modes. The properties of the two-step stair-shaped DRA and coaxial probe fed stair-shaped DRA will be investigated.
